Enterococcus faecalis aggregation substance (AS) mediates efficient bacterium-bacterium contact to facilitate plasmid exchange as part of a bacterial sex pheromone system. We have previously determined that AS promotes direct, opsonin-independent binding of E. faecalis to human neutrophils (PMNs) via complement receptor type 3 and other receptors on the PMN surface. We have now examined the functional consequences of this bacterium-host cell interaction. AS-bearing E. faecalis was phagocytosed and internalized by PMNs, as determined by deconvolution fluorescence microscopy. However, these bacteria were not killed by PMNs, and internalized bacteria excluded propidium iodide, indicating intact bacterial membranes. Resistance to killing occurred despite activation of PMNs, as indicated by an increase in both functional and total surface Mac-1 expression, shedding of L-selectin, and an increase in PMN extracellular superoxide and phagosomal oxidant production. Deconvolution fluorescence microscopy also revealed that phagosomes containing AS-bearing bacteria were markedly larger than phagosomes containing opsonized E. faecalis, suggesting that some modification of phagosomal maturation may be involved in AS-induced resistance to killing. PMN phagosomal pH was significantly higher after ingestion of nonopsonized AS-bearing E. faecalis than after that of opsonized bacteria. The novel ability of AS to promote intracellular survival of E. faecalis inside PMNs suggests that AS may be a virulence factor used by strains of E. faecalis.
Enterococci are important, often multidrug-resistant pathogens (36) that are the third leading cause of endocarditis (48) and nosocomial bacteremia (47) . Of the two species, Enterococcus faecalis and Enterococcus faecium, responsible for almost all clinical infections, E. faecalis predominates over E. faecium by 4:1 (25) . The virulence mechanisms used by E. faecalis are not well understood, but a few postulated virulence factors have been described (28) . One of these is aggregation substance (AS), a plasmid-encoded adhesin which mediates efficient cell-cell contact to facilitate plasmid exchange between donor and recipient strains (11, 61) . In addition to mediating bacterial binding to other enterococci, AS also plays a role in binding of E. faecalis to eukaryotic cells, including pig renal tubular cells (33) and human intestinal epithelial cells (39) .
Neutrophils (PMNs) are a critical component of the human host response against bacterial infections. Invading bacteria may be opsonized by complement proteins or antibodies and subsequently phagocytosed and killed by PMNs. A key mechanism involved in innate immunity includes the interaction of bacteria opsonized with fragments of the third component of complement (iC3b) with complement receptor type 3 (CR3) on the PMN surface (64) . This interaction stimulates a pathway that leads to ingestion of bacteria, activation of PMNs with migration of lysosomal granules to the developing phagosome, a respiratory burst, and eventual killing and degradation of the ingested bacteria.
In contrast to this complement-mediated pathway, we have previously determined that AS promotes direct, opsonin-independent binding of E. faecalis to PMNs (58) . This interaction also involves CR3, and possibly related receptors, on the PMN surface. AS-bearing E. faecalis appeared to be phagocytosed by PMNs. In the present study, we examined the consequences of this opsonin-independent binding to PMNs and compared them to those induced by complement-mediated binding. We confirmed that AS-bearing E. faecalis were internalized by PMNs with the use of deconvolution fluorescence microscopy. Unlike opsonized bacteria, we found that E. faecalis internalized via an AS-mediated mechanism was resistant to killing. Lack of bacterial killing occurred despite activation of PMNs, as demonstrated by an increase in PMN extracellular superoxide and phagosomal oxidant production and an increase in surface Mac-1 expression and shedding of L-selectin (CD62L). However, PMN phagosomal pH was significantly higher after ingestion of nonopsonized AS-bearing E. faecalis than after ingestion of opsonized E. faecalis.
(A portion of this data has been reported in preliminary form in Abstracts of the 1996 Interscience Conference on Antimicrobial Agents and Chemotherapy [58a] .) 2ϩ at approximately 2 ϫ 10 7 to 5 ϫ 10 7 PMNs per ml, and kept at 4°C until use (51) . Buffer with 1.5 mM Ca 2ϩ was then added for experiments at 37°C. By each isolation method, cells were Ͼ95% PMNs by Diff Quik staining and Ͼ95% viable by trypan blue exclusion.
(ii) Monocyte-derived macrophages. Peripheral blood mononuclear cells were isolated from EDTA-anticoagulated venous blood by dextran sedimentation and Ficoll-Hypaque density-gradient centrifugation, washed, suspended in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum; 8 ϫ 10 5 cells were added to wells of 96-well microtiter plates and incubated at 37°C for 1 h in 5% CO 2 . Nonadherent cells were removed by washing, and the remaining cells were incubated with DMEM containing 10% fetal calf serum, 50 g of penicillin/ ml, 10 g of streptomycin/ml, and 1,000 U of gamma interferon at 37°C in 5% CO 2 for 5 to 8 days.
(iii) J774 cells. J774A.1 cells of a murine macrophage cell line (44) (ATCC TIB 67; American Type Culture Collection, Manassas, Va.) were maintained in DMEM with 10% fetal calf serum. Cells grown in flasks were scraped off and resuspended in DMEM with 5% fetal calf serum. A total of 2 ϫ 10 5 cells were added to the wells of 96-well microtiter plates and allowed to adhere for 1 h at 37°C in 5% CO 2 .
Bacterial internalization by PMNs. Internalization of bacteria was examined by deconvolution fluorescence microscopy. The lipophilic carbocyanine dye DiI (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate; Molecular Probes, Eugene, Oreg.) is taken up in the PMN plasma membrane, uniformly stains the cell surface, remains as a membrane marker (41) , and reportedly does not influence cell function. As bacteria are ingested by PMNs, the phagosomal membrane is formed by invaginating plasma membrane and is also highlighted by the dye. Log-phase bacteria were labeled with 0.1% fluorescein isothiocyanate (FITC) in 50 mM carbonate buffer (pH 9.5) for 30 min at 37°C protected from light, washed twice, and suspended in HBSS (2) . For some experiments, bacteria were preincubated with 10% autologous serum (from the same patient from whom PMNs were isolated) for 20 min at 37°C, washed, and resuspended in HBSS. PMNs were incubated with 3 M DiI for 5 min at room temperature and then washed three times. Bacteria were briefly sonicated to disrupt aggregates, and 200 l of labeled bacteria (1 ϫ 10 9 to 2 ϫ 10 9 CFU/ml) was mixed with 200 l of labeled PMNs (bacterium:PMN ratio of 100:1) plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ and incubated at 37°C with tumbling. After 10 min of incubation, cells were pelleted by brief pulsing in a tabletop microcentrifuge, washed twice to remove unattached bacteria, and resuspended in HBSS. Cells were fixed with 3.7% formaldehyde (TEM grade; Tousimis Research Corp., Rockville, Md.) for 5 min, cytocentrifuged (100 ϫ g for 10 min) onto coverslips (Cytospin 2; Shandon, Pittsburgh, Pa.), briefly stained with 2 ng of 4Ј,6-diamidino-2-phenylindole (DAPI) (which stains DNA)/ml to highlight the nucleus, mounted with Elvanol (DuPont Chemical Co., Wilmington, Del.) (21) , and then examined with an Olympus IX70 fluorescence microscope. Images were acquired with filters for DAPI (360-nm excitation/457-nm emission), fluorescein (490-nm excitation/ 528-nm emission), and Texas red (555-nm excitation/617-nm emission) with multiple optical sections through cells of interest. The images were deconvolved with the use of DeltaVision software (Applied Precision, Issaquah, Wash.). This method allows examination of serial optical sections, with subsequent data analysis enabling presentation of a three-dimensional image. Thus, an accurate assessment of the location of bacteria (e.g., intracellular versus extracellular) can be done.
Neutrophil activation. (i) Superoxide production. Superoxide production was measured by the superoxide dismutase-inhibitable reduction of ferricytochrome c (42) . PMNs (2 ϫ 10 5 ) were added to the wells of 96-well microtiter plates and incubated at 37°C for 1 h. The supernatant and unbound PMNs were removed by tapping, and attached PMNs were incubated with approximately 2 ϫ 10 6 bacteria/well in the presence of 0.19 mg of ferricytochrome c alone or with 20 g of superoxide dismutase/ml for 60 min at 37°C prior to determination of A 550 with a Bio-Tek (Winooski, Vt.) EL310 microplate reader. Controls contained PMNs alone or bacteria alone.
(ii) Phagosomal oxidant production. The method described above determines primarily extracellular superoxide, as the 12-kDa ferricytochrome c molecule is likely excluded from the cell's interior due to its size (24) . To examine oxidant production inside the phagosome, we labeled enterococci with the oxidant- CFU/ml in 0.1 M sodium bicarbonate (pH 8.3) and rotated for 1 h at room temperature. Hydroxylamine (0.1 ml, 1.5 M, pH 8.5) was added, and the mixture was rotated for 1 h at room temperature and then incubated without agitation overnight at 4°C. Labeled bacteria were washed twice and resuspended with HBSS. This labeling procedure had no effect on bacterial viability. Labeled TX1355 was opsonized with 10% normal human serum on a rotator for 20 min at 37°C, washed twice, and resuspended with HBSS. PMNs labeled with DiI, as described above, were mixed with OxyBURST Green H 2 HFFDA-labeled bacteria in a bacterium:PMN ratio of about 100:1 in HBSS plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ and incubated at 37°C with tumbling. After 10 min, PMNs containing ingested bacteria were washed to remove unattached bacteria, resuspended in HBSS, fixed with formaldehyde, cytocentrifuged onto coverslips, mounted with Elvanol, and examined with an Olympus IX70 microscope, all as described above. Twenty-five PMNs containing internalized bacteria were examined for each bacterial strain, and internalized fluorescent bacteria were identified. The maximal level of fluorescence emission at 528 nm for each PMN due to internalized bacteria was quantified with DeltaVision software for individual areas of 0.066 by 0.066 m, and the average for 25 PMNs was determined. During the entire process, tubes were flooded with nitrogen to minimize air-induced oxidation of the fluorescent dye. As a control for air-and light-induced oxidation and oxidation potentially derived from the bacteria themselves, labeled bacteria alone were fixed, processed similarly, and examined to determine the amount of fluorescence.
(iii) Expression of PMN surface proteins. The amounts of Mac-1 and Lselectin present on the surface of PMNs before and after incubation with bacteria were assessed by flow cytometry. E. faecalis INY1801 or INY401 (10 7 organisms) was mixed with 10 6 PMNs and incubated at 37°C with agitation for 8 to 10 min. Fluorescein-labeled MAb MHM23 (to detect CD18), Leu-8 (to detect L-selectin), or MAb24-Cy3 (to detect the activation epitope of CD18) was added, and fluorescence was measured after binding for 10 min at room temperature with a FACScan (Becton-Dickinson) on the FL1 channel with linear detector settings. Data analysis was performed with FACScan Analysis Software (BectonDickinson), and the mean channel fluorescence was determined.
Microbicidal systems. (i) PMNs. E. faecalis (approximately 2 ϫ 10 8 CFU/ml) was incubated with PMNs (10 7 PMNs/ml) in HBSS plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ in final volumes of 200 l in microtiter plate wells and agitated at 37°C. At intervals, 20-l aliquots were diluted 1:10 in water for 10 min to lyse PMNs, bacteria were serially diluted, and viability was determined by the pour plate method with brain heart infusion agar (3). To examine the effect of serum opsonization on bacterial killing by PMNs, bacteria were preincubated with 10% autologous serum for 20 min at 37°C, washed, and exposed to PMNs or to HBSS alone as a control.
(ii) Monocyte-derived macrophages and J774 cells. Cells were washed twice with HBSS and incubated with 2 ϫ 10 7 bacteria/well in HBSS plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ at 37°C in 5% CO 2 for 1 h to allow bacterial internalization. The supernatant was removed; the cells washed twice with HBSS; DMEM containing 5% fetal calf serum, 50 g of penicillin/ml, and 10 g of gentamicin/ml was added; and the cells were incubated at 37°C in 5% CO 2 . Initially and at intervals the supernatant was removed, the cells were washed twice with HBSS and lysed with 1% Triton X-100 for 5 min, bacteria were serially diluted, and viability was determined by the pour plate method, as described above. Exposure to 1% Triton X-100 for 5 min did not affect enterococcal viability.
(iii) MPO. Human myeloperoxidase (MPO) was purified and assayed as previously described (43) . Bacteria (about 10 9 CFU/ml) were incubated with 0.43 U of MPO/ml, 0.19 U of glucose oxidase/ml, 0.1 M NaCl, 0.04 M sodium acetate (pH 5.0), and 0.01 M glucose. Initially and at intervals, samples were removed, the reaction was stopped by the addition of sodium azide to a final concentration of 1 mM, bacteria were serially diluted, and viability was determined by the pour plate method.
Fluorescent dye exclusion. Intracellular bacterial viability was also assessed by examining exclusion of a fluorescent dye by using the LIVE/DEAD BacLight Viability Kit (Molecular Probes). Bacteria (2 ϫ 10 8 /ml) either opsonized with 10% serum as described above or not were incubated with 10 7 PMNs/ml in HBSS plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ in final volumes of 200 l in 1.2-ml tubes at 37°C for 1 h with tumbling. A fluorescent dye mixture was added to yield final concentrations of 10 M SYTO 9 and 60 M propidium iodide, and the bacteria were incubated for 15 min at room temperature. Then, 5 l of the mixture was placed on a glass slide, overlaid with a coverslip, and examined within 30 min with a Nikon Optiphot fluorescence microscope. Bacteria with intact membranes appeared green from staining with SYTO 9, while bacteria with damaged membranes stained orange-red from propidium iodide. Twenty-five consecutive individual PMNs per sample that contained bacteria and that had an orange-staining nucleus (thus indicating the ability of both dyes to reach the intracellular environment; the vast majority of PMNs that contained bacteria had orange-staining nuclei) were examined, the number of apparent intracellular bacteria that stained green or orange were counted, and the percentage of bacteria that could exclude propidium iodide was determined. Bacteria alone (opsonized or unopsonized) were also incubated with SYTO 9 and propidium iodide for 15 min at room temperature to determine the percentage of bacteria in these preparations that could exclude propidium iodide.
Phagosomal pH. Intraphagosomal pH was determined by using dual-labeled bacteria (38) and fluorescence microscopy. As the fluorescence emission intensity of fluorescein is pH dependent, while that of rhodamine is not, a ratio of fluorescein:rhodamine emission can be used to determine pH. Log-phase bacteria were labeled with 0.1% FITC in 50 mM carbonate buffer (pH 8.5) for 15 min at 37°C protected from light, 0.005% tetramethylrhodamine isothiocyanate (TRITC) was added, and incubation was done for 20 min at 37°C. Labeled bacteria were washed three times and suspended in HBSS. Labeling with both FITC and TRITC did not affect bacterial interactions with PMNs. Some bacteria were then incubated with 10% autologous serum (from the same patient from whom PMNs were isolated) for 20 min at 37°C, washed, and resuspended in HBSS. Two hundred microliters of labeled bacteria (1 ϫ 10 9 to 2 ϫ 10 9 CFU/ml) was mixed with 200 l of labeled PMNs (bacteria:PMN ratio of 100:1) plus 1 mM Ca 2ϩ and 1 mM Mg 2ϩ and incubated at 37°C with tumbling. After 30 min of incubation, cells were pelleted by brief pulsing in a tabletop microcentrifuge, washed twice to remove unattached bacteria, and resuspended in HBSS. Tenmicroliter samples were placed on a slide, covered with a coverslip which was then tacked down at the edges with nail polish, and examined with an Olympus IX70 fluorescence microscope. Intracellular bacteria were identified, and the levels of fluorescence emission at 528 nm (for fluorescein) and 617 nm (for rhodamine) (with excitation wavelengths of 490 and 555 nm, respectively) were quantified with the use of DeltaVision software for individual areas of 0.066 by 0.066 m, with values obtained for 15 to 30 bacteria inside at least five different PMNs for each bacterial strain. The fluorescein:rhodamine emission ratio was calculated for each bacterium examined, and the mean was determined for each strain on a given day.
A standard curve was constructed daily for each strain of bacteria (opsonized INY401 and nonopsonized INY1801) by using labeled bacteria alone that were suspended in HBSS containing an additional 7 mM phosphate buffered at different pH values. The fluorescein:rhodamine emission ratios were determined for 15 to 25 bacteria at each pH, and a plot of the mean ratio versus pH was constructed. While the standard curves varied from strain to strain and from day to day, linear curve fitting by using KaleidaGraph software (version 2.1.3; Abelbeck Software) revealed that data for each standard curve approached linearity for the range of pH 4.7 to 7.3, with r values between 0.8 and 0.99. The daily mean intracellular bacterial fluorescein:rhodamine emission ratio was then converted to a value for phagosomal pH by using the corresponding standard curve for each bacterial strain.
Statistical methods. Statistical significance was assessed by a paired 2-tailed t test, and differences were considered significant for P of Ͻ 0.05.
RESULTS
Bacterial internalization by PMNs. Previous work using fluorescence and electron microscopy had demonstrated that E. faecalis INY401 containing the vector alone and lacking AS bound only minimally to PMNs in the absence of opsonins, while E. faecalis INY1801 expressing AS bound to PMNs in large numbers, with the majority of the bacteria appearing to be internalized (58) . To confirm these latter findings, we used deconvolution fluorescence microscopy, employing the fluorescent dye DiI to label PMN plasma and phagosomal membranes. As seen in Fig. 1 , the majority of PMN-bound ASexpressing INY1801 were internalized by PMNs. Multiple sections at different levels through individual PMNs by using the deconvolution fluorescence microscopy system confirmed that bacteria were actually inside PMNs and not simply attached to the exterior of cells that had extended pseudopods or membrane ruffles around externally attached bacteria. Opsonization of INY401 with normal human serum also promoted bacterial internalization by PMNs (Fig. 1) . Internalization of AS-expressing bacteria was not due to autoaggregation of bacteria, as shown previously by fluorescence microscopy (58) and confirmed in this study by deconvolution fluorescence microscopy, as enterococci expressing AS in the INY3000 background (INY3072), which lack binding substance and do not autoaggregate, were also internalized in large numbers by PMNs (data not shown).
Bacterial resistance to killing. Binding and phagocytosis of bacteria by PMNs typically result in bacterial killing. Despite phagocytosis of AS-bearing E. faecalis by PMNs, INY1801 was not significantly killed during a 2-h incubation (Fig. 2) . Entero-cocci were resistant to direct killing by normal serum alone, and serum opsonization increased bacterial killing by PMNs, as expected. However, the presence of AS resulted in relative protection against PMN-mediated killing when bacteria were opsonized, with a 0.8 Ϯ 0.1 log decline in viability after 2 h for opsonized INY1801 versus a 1.4 Ϯ 0.1 log decline for opsonized INY401 (P Ͻ 0.005).
To confirm this resistance to PMN-mediated killing, we examined the integrity of bacterial membranes inside PMNs using fluorescent dyes, as this has been shown to correlate with bacterial viability (34) . Internalized, nonopsonized AS-expressing bacteria maintained their ability to exclude propidium iodide to a significantly greater degree than did internalized opsonized AS-lacking bacteria (Fig. 3) ; after 1 h of incubation, 87% Ϯ 4% of internalized nonopsonized INY1801 bacteria did not stain with propidium iodide, while only 60% Ϯ 3% of opsonized INY401 bacteria excluded the dye (P Ͻ 0.01, n ϭ 4) ( Table 2 ). This difference was not due to differential staining characteristics of the bacteria alone, as all bacteria (opsonized or nonopsonized INY1801 or INY401) by themselves appeared similar when they were incubated with SYTO 9 and propidium iodide, with approximately 95% able to exclude propidium iodide. The ability of nonopsonized AS-expressing enterococci to maintain an intact plasma membrane inside PMNs is consistent with their resistance to killing in the viability assay.
AS-bearing E. faecalis was relatively resistant to killing by two other cell types as well. In the presence of human monocyte-derived macrophages, viability of AS-bearing INY1801 declined by only 0.3 Ϯ 0.1 log after 2 h compared to a 0.9 Ϯ 0.2 log decline for opsonized INY401 (P Ͻ 0.001, n ϭ 6). Likewise, after 24 h of exposure to the murine macrophage cell line J774.A1, INY1801 viability was not changed (0 Ϯ 0.2 log
FIG. 1. Internalization of E. faecalis INY401 (lacking AS) (A) and INY1801
(expressing AS) (B) by PMNs. FITC-labeled bacteria were opsonized with 10% serum (for INY401) or not opsonized (for INY1801) and incubated with DiIlabeled PMNs followed by fixation with formaldehyde and labeling of nucleic acid with DAPI. Cells were examined by deconvolution fluorescence microscopy, as described in Materials and Methods. The rims of the bacteria appear green from the fluorescein, PMN nuclei and bacterial nucleoids appear blue from the DAPI, and PMN plasma membrane and phagosomal membrane appear red from the DiI. Opsonized INY401 organisms are internalized by PMNs in small phagosomes, each containing one bacterium or set of diplococci, while nonopsonized INY1801 organisms are internalized in large phagosomes. The yellow rims of internalized INY401, due to overlap of the green and red fluorescent dyes, suggest close apposition of the phagosomal membrane and bacteria. Bars, 5 m.
FIG. 2. Bacterial killing by PMNs. E. faecalis INY1801 or INY401
was opsonized with normal serum or not opsonized and then exposed to PMNs or HBSS alone (no PMN); microbial viability was determined. Data are the means (ϩ standard errors of the means for opsonized enterococci) for 5 to 12 experiments. ‫,ء‬ P Ͻ 0.001 versus opsonized strain INY401. change), while viability of opsonized INY401 declined by 0.7 Ϯ 0.2 log (P Ͻ 0.01, n ϭ 5).
Neutrophil surface marker expression. As bacteria undergoing phagocytosis by PMNs commonly trigger PMN activation leading to subsequent bacterial killing, we used several methods to determine if a lack of PMN activation could be responsible for the failure of PMNs to kill AS-bearing E. faecalis. First, we examined surface expression of Mac-1, L-selectin, and an activation epitope of ␤2-integrin defined by MAb24-Cy3 (8, 9). While both INY1801 and INY401 stimulated PMNs to increase the surface expression of Mac-1 and the MAb24-recognized activation epitope and shed L-selectin, INY1801 did so to a significantly greater extent (Fig. 4) . In the presence of AS-bearing E. faecalis, we also observed a rapid neutrophil-neutrophil aggregation response (data not shown), which is a consequence of ␤2-integrin activation and binding (51) . Minimal PMN aggregation was observed in the presence of bacteria lacking AS. As with aggregation stimulated by chemotactic factors (50), AS-mediated PMN aggregation was inhibited by anti-CD18 MAbs (data not shown).
Neutrophil superoxide production. Production of highly reactive oxidant species via a respiratory burst is an important part of the PMN's antimicrobial armamentarium and is stimulated upon neutrophil activation. As the lack of respiratory burst activity could explain the ability of AS-expressing bacteria to survive inside PMNs, we examined PMN-mediated superoxide production. However, many E. faecalis organisms themselves produce an abundance of superoxide (24), including OG1RF and its derivatives, such as INY1801 and INY401 (data not shown). Thus, we identified an isolate of E. faecalis that produced only low levels of superoxide itself (TX1355) and did not carry the gene for AS or bind to PMNs (1.1 bacteria/PMN). We inserted pINY1801 by electroporation and confirmed that the resultant transformant still produced only low levels of superoxide itself but now bound to PMNs in much larger amounts (21.3 bacteria/PMN). This strain (TX1355d) was used as a probe for PMN superoxide production. TX1355d expressing AS stimulated twice as much PMN superoxide as did the parent strain TX1355 (5.5 Ϯ 1.1 nm of superoxide/10 6 PMNs with TX1355d versus 2.7 Ϯ 1.1 nm with TX1355; P Ͻ 0.05; n ϭ 4).
Neutrophil phagosomal oxidant production. The method described above for measuring superoxide production determines primarily extracellular superoxide, as the ferricytochrome c molecule is likely too large to enter intact cells (24) . However, a distinct difference in intracellular versus extracellular PMN oxidant production has been described after stimulation with other bacteria, such as nonopsonized Neisseria gonorrhoeae (37) ; in that situation the vast majority of oxidants were produced intracellularly. In the present study, it was possible that while extracellular superoxide production was stimulated appropriately by AS-expressing enterococci, the bacteria could have been surviving intracellularly because of a lack of oxidant production at the critical site for antimicrobial activity, namely, the phagosome. To examine this, we labeled enterococci with the oxidant-sensitive fluorescent dye Oxy-BURST Green H 2 HFFDA, which has increased fluorescence emission upon exposure to oxidants. Bacterial labeling did not affect AS-mediated bacterial binding to PMNs and phagocytosis. Both nonopsonized AS-expressing TX1355d and opsonized AS-lacking TX1355 stimulated significant phagosomal oxidant production, with even greater oxidant production in response to TX1355d than in response to opsonized TX1355 (275 Ϯ 13 relative fluorescence units for internalized TX1355d versus 155 Ϯ 9 for internalized TX1355; P Ͻ 0.01, n ϭ 3). In comparison, enterococci alone in the absence of PMNs (either TX1355d or TX1355) yielded the low values of 60 Ϯ 3 and 61 Ϯ 1 relative fluorescence units, and there was Ͻ25% increase in fluorescence of bacteria alone over a 1-h span, indi- 3 . Exclusion of propidium iodide by intracellular bacteria. Bacteria were opsonized with normal serum or not opsonized, exposed to PMNs for 60 min, and stained with SYTO 9 and propidium iodide. Representative fluorescence micrographs of opsonized E. faecalis INY401 demonstrating that the majority of intracellular bacteria stained orange-red from the propidium iodide (A) and nonopsonized INY1801 demonstrating that most of the intracellular bacteria were able to exclude the propidium iodide and stained green (B). Original magnification, ϫ1,000.
cating a very minor amount of oxidation due to air, light, or bacterial oxidant production and confirming the validity of this tool as a measure of phagosomal oxidant production. Therefore, the presence of AS on E. faecalis stimulated both extracellular and phagosomal oxidant production, and all tested measures of PMN activation suggested that the AS-mediated resistance to PMN killing of internalized bacteria was not due to a lack of PMN activation or reactive oxidant production.
MPO-mediated killing. One of the major antimicrobial systems used by PMNs involves myeloperoxidase, which, together with hydrogen peroxide from the respiratory burst and chloride, generates hypochlorous acid (20) and other oxidants (54) . The presence of AS itself did not affect E. faecalis susceptibility to killing by MPO-derived oxidants in a cell-free system (Fig.  5) , as seen by a comparison of the viability of INY401 (lacking AS) versus that of INY1801 (expressing AS) or by TX1355 (lacking AS) versus TX1355d (expressing AS). However, INY401 and INY1801 (which produce extracellular superoxide themselves) were dramatically more resistant to MPO-mediated killing than TX1355 and TX1355d (which produce only minimal amounts of extracellular superoxide themselves). Substitution of 0.067 M sodium sulfate for 0.1 M NaCl in the MPO system yielded no bacterial killing (data not shown), confirming that the microbicidal effect in the active MPO system was due to MPO-generated oxidants.
Phagosome size. A review of the images from the deconvolution fluorescence microscopy experiments (Fig. 1) revealed that opsonized INY401 lacking AS was seen in smaller phagosomes, with each phagosome appearing to contain either one bacterium or one set of diplococci, as shown by the presence of red phagosomal membrane surrounding each ingested bacterium. The close apposition of the phagosomal membrane with each bacterium is also suggested by the altered color of the rims of internalized bacteria due to overlap of the green and red fluorescent dyes. In contrast, nonopsonized AS-expressing INY1801 was often taken up in much larger phagosomes, without close contact between bacteria and PMN membranes.
Phagosomal pH. Acidification of PMN phagosomes normally occurs after ingestion of particles, with phagosomal pH dropping as low as 4.5 to 5.0 (27) . Since phagosomal size was quite different for nonopsonized AS-expressing bacteria and opsonized bacteria, it was possible that phagosomal pH was also different in response to these two mechanisms of entry. Phagosomal pH was determined for bacteria labeled with both fluorescein and rhodamine by fluorescence microscopy. Phagosomes containing nonopsonized AS-expressing bacteria had a significantly higher pH (5.9 Ϯ 0.5) than those containing opsonized INY401 lacking AS (4.5 Ϯ 0.4) (P Ͻ 0.05, n ϭ 3).
DISCUSSION
In this study, we have demonstrated that E. faecalis AS mediates opsonin-independent bacterial phagocytosis by human PMNs. Remarkably, internalized bacteria were resistant to killing. This was demonstrated in two ways, both by measurement of bacterial viability and by the ability of bacteria to maintain their membranes' integrity and exclude the fluorescent dye propidium iodide within the phagosomal compartment. While the absolute numbers are different for these two techniques, both clearly demonstrate the relative resistance to killing of AS-bearing E. faecalis compared to that of opsonized enterococci. This finding is quite unusual, in that most bacteria are readily killed by PMNs once they have been phagocytosed, even those that are typically described as intracellular pathogens because of their survival in macrophages, such as Shigella flexneri (35) or Mycobacterium tuberculosis (30) . However, both S. flexneri and M. tuberculosis required opsonization for phagocytosis by PMNs, unlike AS-bearing E. faecalis, and the opsonin-independent mechanism of AS-induced entry into PMNs may be critical for intracellular survival. AS-mediated resistance to killing was not limited to PMNs but was also found with other phagocytes, such as monocyte-derived macrophages, and cells from the murine macrophage cell line J774.
The PMN response to bacteria is triggered by bacterial binding with subsequent activation of PMNs, and we examined this with several established assays of PMN activation in suspension by flow cytometry (51, 57) . Activation of PMNs is associated with rapid alterations in the array of surface proteins, typically including an increase in surface expression and functional capacity of Mac-1 and concomitant shedding of L-selectin (31, 50) . Within minutes of the addition of AS-expressing enterococci, upregulation of Mac-1 and the activation epitope of Mac-1 recognized by MAb24 (8, 9) were elicited. One functional consequence was the formation of neutrophil-neutrophil aggregates under sheared conditions. We also observed shedding of L-selectin upon exposure to AS-bearing bacteria. Taken together, these findings suggest that adhesion of AS-expressing E. faecalis induces rapid activation of PMNs. The presence of AS was not the only stimulus for PMN activation, as non-AScontaining E. faecalis was also found to activate PMNs, although to a significantly lesser extent. The mechanism of ASindependent activation is yet to be defined but may be related to the low-level bacterial binding to PMNs seen with strains lacking AS.
Oxygen-dependent PMN antimicrobial systems, involving a respiratory burst that yields several highly reactive forms of reduced oxygen species (32) , are critical for optimal microbicidal activity. A lack of respiratory burst activity could have explained the inability of PMNs to kill internalized AS-bearing E. faecalis. However, we found that AS-bearing bacteria, in the absence of opsonins, stimulated increased PMN-mediated production of extracellular superoxide and phagosomal oxidants, indicating an active respiratory burst. Hydrogen peroxide produced by this respiratory burst may be converted by MPO into hypochlorous acid and other oxidants, which play a significant role in PMN antimicrobial activity. The presence of AS itself did not affect the resistance of E. faecalis to MPO-derived oxidants. However, enterococci are one of only two types of bacteria (along with lactococci) that have been found to produce extracellular superoxide themselves (24) , and E. faecalis strains that produced superoxide themselves were markedly more resistant to MPO-mediated killing than those that did not. It is tempting to speculate that bacterial systems involved in superoxide production also may be involved in the resistance of E. faecalis to killing by MPO and PMNs. Nevertheless, TX1355 and OG1RF are completely unrelated strains, and in this study we did not examine E. faecalis strains that were isogenic except for the ability to produce superoxide, so firm conclusions cannot be drawn regarding a specific mechanism of resistance to MPO-derived oxidants.
We have previously shown that PMN CR3 is a critical surface receptor involved in AS-mediated binding to PMNs (58) . The outcome of bacterial adhesion to CR3 may be dependent on multiple factors, including the activation state of CR3, the precise epitope involved in binding, and interactions with other receptors that may bind AS and initiate signal transduction (23, 55) . It is thought that internalization and killing are dependent on bacterial polysaccharide binding to a lectin-like domain, in addition to recognition of particle-bound iC3b via the I domain of CR3 (59) . Support for this hypothesis is the observation in this study that serum opsonization increased PMN-mediated killing of enterococci, a situation in which there likely would be binding to both the I domain and the lectin domain of CR3. It is possible that AS-mediated binding to CR3 in the absence of iC3b could result in a pathway of PMN activation that is not optimal for microbial killing. This possibility is consistent with our finding that phagosomes containing E. faecalis that had entered via an opsonin-independent AS-mediated mechanism were much larger than those containing bacteria that had entered via an opsonin-mediated mechanism. This result suggests that there were significant differences in phagosomal maturation induced by these two mechanisms of binding to CR3, which may have contributed to the intracellular survival of AS-bearing E. faecalis.
One aspect of normal PMN phagosomal maturation is acidification of phagosomes (27) . Phagosomal pH 4 to 5 is thought to promote activity of a variety of PMN granule enzymes, including MPO, thus increasing their antimicrobial activity. We found a significantly higher phagosomal pH after ingestion of nonopsonized AS-expressing E. faecalis than after ingestion of opsonized AS-lacking E. faecalis. Other microorganisms, such as M. tuberculosis (52) and Legionella pneumophila (60), prevent phagosomal acidification in macrophages, and this property is considered to play a critical role in their ability to survive intracellularly. Thus, our findings of reduced phagosomal acidification induced by AS-expressing bacteria suggest that this could be a key mechanism involved in the ability of AS-bearing E. faecalis to resist PMN killing.
Other bacteria bind to phagocytes directly via CR3 in the absence of opsonins (23) , even though almost none have been studied using neutrophils. Type 1-fimbriated Escherichia coli, which can bind nonopsonically to PMNs via CD66 (46) in addition to CR3 (17) , can stimulate PMN activation (19, 53) . However, while some have reported that type 1-fimbriated Escherichia coli was resistant to PMN-mediated killing despite internalization and activation of the respiratory burst (18, 19) , we have actually found it to be more susceptible to PMN-mediated killing (29) . Both N. gonorrhoeae (15) and Neisseria meningitidis (12) can undergo nonopsonic phagocytosis by PMNs, but for both of these bacteria this results in PMNmediated killing, and at least for N. gonorrhoeae, CR3 is not involved (14) . Recently, type III group B streptococci also have been shown to bind to PMNs in an opsonin-independent manner (1). However, these bacteria were not internalized by PMNs, and the interaction clearly did not involve CR3. Thus, we believe that the results presented herein are the first to describe a bacterial pathogen that can use a CR3-mediated pathway in the absence of opsonins to invade PMNs and survive intracellularly.
The importance of AS as a virulence factor has been demonstrated in animal models of endocarditis (4, 49) , and AScontaining E. faecalis has frequently been found among clinical isolates (26) and has been less frequently seen in isolates from stools of healthy volunteers (5), again suggesting the importance of AS as a virulence determinant of E. faecalis. AS may serve as a virulence determinant of E. faecalis in at least two distinct ways. First, AS may facilitate the attachment of enterococci to renal (33) and intestinal (39) epithelial cells and colonization of these surfaces. Second, it may protect against PMN-mediated killing by promoting phagocytosis of bacteria by PMNs in a manner that activates PMNs but does not result in microbial killing, perhaps by inhibition of phagosomal acidification. This sequence of events may constitute a novel mechanism used by these bacteria to resist the human host defense system.
